Introduction
Acute myeloid leukemia (AML) is a disease characterized by the uncontrolled proliferation of immature hematopoietic precursor cells in the bone marrow. Leukemia, like other cancers, is believed to be a multistep process involving activation of oncogenes and inactivation of tumor suppressor genes. 1 Dysregulation of these genes can occur through many mechanisms, including, at least in mice, retroviral mutagenesis. Proviral integration can result in increased production, truncation, or disruption of mRNA transcripts, and using the viral sequences as tags, it is possible to clone the integration sites. The prevalence of the same insertion site in multiple tumors suggests that this integration event plays a causative role in the pathogenesis of the disease.
The Evi1 locus (ecotropic viral integration site 1) was identified as a common site of viral integration in the myeloid tumors of AKXD-23 mice 2, 3 and has also been found as a common site of viral insertion in a variety of myeloid tumor cell lines derived from the neoplastic spleens of mice infected with other murine leukemia viruses, including the Cas-Br-E and Moloney murine leukemia viruses. 3, 4 The human EVI1 gene at 3q26 is subject to structural alteration and/or activation by chromosomal translocation in human myeloid leukemias and myelodysplasia. [5] [6] [7] The Evi1 locus encodes a series of protein isoforms that variably contain up to 10 C 2 H 2 zinc fingers that bind DNA in a sequence-specific manner, [8] [9] [10] [11] as well as a repression domain that binds CtBP, 12 consistent with its demonstrated role in transcriptional repression. 13 Two recent reports document the identity of EVI1 target genes, which include Gata2. 14, 15 The mechanisms by which Evi1 induces leukemia are thought to include block to myeloid differentiation 16, 17 and stimulation of cell-cycle progression. [18] [19] [20] Although a link between Evi1 overexpression and AML has been established, it remains unclear exactly how Evi1 functions in the development of the disease. The latency of AML in the AKXD-23 mouse strain (Ͼ 400 days) suggests that the pathogenesis of AML is a multistep process involving the cooperation of several genes. It has been demonstrated that engineered overexpression of Evi1in the hematopoietic cells of transgenic mice 21 or via bone marrow transplantation 22, 23 does not result in leukemia, which also suggests the need for multiple oncogenic hits. To date, little is known about the additional factors required for acting in concert with Evi1 in the genesis of AML, and what other molecular genetic mutations have occurred in tumors where Evi1 is overexpressed. Therefore, we have focused our studies on searching for additional sites of proviral integration that occur in retrovirally induced tumors, specifically the AKXD-23 tumors and several myeloid tumors arising in NFS mice. We have identified a second gene locus, Sox4, which is targeted by viral integration in all of the AKXD-23 tumors and at least one of the Cas-Br-MuLV-induced myeloid tumors from NFS mice and present evidence that SOX4 may augment provirally activated Evi1 expression through transactivation of the proviral LTR.
Materials and methods

Identification of retroviral insertion sites
Inverse polymerase chain reaction (PCR) and cloning were performed essentially as reported. 24 Sequence analysis of inverse PCR clones was performed by the Keck Foundation Biotechnology Resource Laboratory at Yale University (http://info.med.yale.edu/wmkeck). Proviral insertion sequences trimmed of vector and viral sequences were compared with the Ensembl DNA database using the BLAST function. 25 Genes within 50 kilobases (kb) were considered a direct hit and are reported in the upper portion of Table 1 .
Cell lines
The NFS-60, NFS-58, NFS-78, 26 DA-1, 27 32Dcl3, 28 32Dwt18, 29 and erythroid-myeloid-lymphoid (EML) cells 30 were cultured as described in the associated citations. For differentiation of 32Dwt18 cells and 32Dwt18 stable cell clones, cells were washed in PBS and reseeded in IMDM culture media 29 lacking WEHI-3B, conditioned media and containing 1 U/mL Epo (Epoetin alfa, Procrit; Amgen, Thousand Oaks, CA).
Plasmids
The MIGR1 and MIGR1 p185 (Bcr-Abl) plasmids were gifts of Warren Pear. 31 The pTATAluc-SX3x and pTATAluc plasmids were gifts of Michael Wegner. 32 The pBabePuro plasmid and pBP-Evi1 plasmids have been described 33 (T. Husain, M. Tran, P. Clark, B. Yatsula, V. Tsakraklides, S. Williams, D. Krause, and A.S.P., unpublished data). The pAU-CAT plasmid was obtained from Jack Lenz. The MIGR1-Sox4 plasmid was constructed by annealing these complementary oligos (5Ј-TCGAGGGTAAGCCTAT-CCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTTGAG-3Ј and 3Ј-CCCATTCGGATAGGGATTGGGAGAGGAGCCAGAGCTAAGATG-CGCAACTCCTAG-5Ј) then kinasing and ligating them into XhoI and BamHI-digested pIRES2-EGFP vector (Clontech, Mountain View, CA). The Sox4 cDNA was cloned from mouse BAC DNA (RP23-262C6) by high fidelity PCR (Boehringer Mannheim, Mannheim, Germany) using primers 5Ј-CTACAAGCTAGCCAAGCCGGGGCCATGGTACAACAG-3Ј and 5Ј-CTGGACCTCGAGGTAGGTGAAGACCAGGTTAGAGATGC-3Ј, and the product was digested with XhoI and NheI and ligated into XhoI-NheI-digested pV5IRES2-EGFP, and the resultant clones were verified by sequence analysis. The MIGR1-Sox4 construct was created by isolating Sox4-V5 from pSox4V5IRES2-EGFP using NheI-BamHI digestion and ligating this as a blunt-end fragment into a HpaIlinearized MIGR1 vector.
Southern and Northern blot analysis
DNA (20 g) was digested with 40 U XbaI in a total of 80 L volume at 37°C for 16 hours, precipitated with EtOH, resuspended in 20 L TE, heated at 65°C for 10 minutes, separated on a 0.8% agarose 1 ϫ TPE gel, and transferred to Hybond-N membrane (Amersham, Piscataway, NJ) using standard upward capillary transfer. 34 Total RNA was isolated from cells using TRIzol Reagent (Invitrogen, Carlsbad, CA) or, for WT18 stable cell clones, RNeasy mini columns (Qiagen, Valencia, CA). Total cellular RNA (10 g) was separated by formaldehyde-agarose gel electrophoresis and transferred to Hybond-N membrane using standard Northern blotting techniques. 34 The Sox4 probe or murine lactoferrin (shown in Figure 1 ) was labeled with [␣-32 P] dCTP using random priming (Roche, Indianapolis, IN) and hybridized at 65°C as described. 35 Hybridized blots were exposed to Kodak X-Omat film (Kodak, Rochester, NY).
Transfections
For transient transfection assays, NIH 3T3 cells were seeded at 10 5 cells/60-mm dish (in triplicate for each condition) 1 day prior to transfection, and DNA (1.5 g expression plasmid and 1.0 g reporter plasmid) was introduced into cells using 7.5 L FuGene 6 transfection reagent (Roche) according to manufacturer's instructions. Cells were harvested 48 hours following transfection using a Luciferase Reporter Gene Assay, High Sensitivity kit (Roche). Cells were lysed in 250 L, and 50 L lysate was assayed using a Berthold LB9501-0 luminometer (Perkin-Elmer, Boston, MA). For stable transfections of 32Dwt18 cells, plasmid DNAs (MIGR1 expression plasmid with pBABEpuro selection plasmid) were electroporated as described. 29 GFP ϩ /puromycin cells were cloned by limiting dilution in medium containing 2 g/mL puromycin. For the chloramphenicol acetyl transferase (CAT) reporter assays, NIH 3T3 cells were plated at 0.5 ϫ 10 6 /60-mm plate, transfected with DNA in a calcium phosphate precipitate, 36 and shocked with glycerol. After 48 hours, the cells were harvested and assayed as described. 37 
Western blotting
Nuclear extract 29 (40 g ) was resolved by SDS-polyacrylamide (10%) gel electrophoresis, electroblotted, blocked, and reacted with anti-V5 mouse monoclonal antibody (1:5000 dilution; Invitrogen). Bands were identified with ImmunoPure goat anti-mouse IgG ϩ IgM peroxidase-conjugated secondary antibody (1:4000 dilution; Pierce Rockford, IL) using an electrochemiluminescence (ECL) Western Blotting Detection Reagent (Amersham Pharmacia Biotech, Piscataway, NJ). For Bcr-Abl detection, blots were incubated with anti-abl mouse monoclonal antibody (1:1000 dilution; BD Pharmingen, San Diego, CA).
Microarray studies
Total RNA was isolated from cells by guanidinium/phenol isolation 38 using TRIzol reagent (Invitrogen). Glass-based slides bearing 13 400 spots of singlestranded 70mers representing mouse genes were hybridized with labeled cDNAs as described. 15 Scanning was done on an Axon scanner at the Yale Microarray Facility (http://info.med.yale.edu/wmkeck/dna_arrays.htm). Quantitation of the 53 The MuLV insertions identified by SacII digestion and inverse PCR are shown as thin vertical lines. The numbers and arrows above each insertion indicate the tumor number from which it was identified and the orientation of the provirus relative to Sox4 transcription. The probe used to detect Sox4 in both Southern and Northern blots analyses is depicted by the dashed line.
hybridization signal was done with GenePix software (Axon Instruments, Foster City, CA). The data were subjected to (1) elimination of low-intensity signals (summed intensities Ͻ 100); (2) normalization of data, based on the sum of intensities for each dye; (3) calculation of log 2 ratio; (4) adjustment of the log 2 ratio so that the median equalled 0.
Quantitative real-time PCR
Quantitation of mRNA levels for Actb, Sox4, and Evi1 transcripts was done using SybrGreen intercalating dye on an iCycler (Bio-Rad, Hercules, CA) thermal cycler as described. 15 PCR reactions (20 L total volume, in triplicate) were set up using a mix from Invitrogen. Cycle threshold values were used to calculate a ratio of ␤-actin to Evi1 relative transcript levels by the equation 2 (Ct ␤actin Ϫ Ct Evi1 ) .
RNAi studies
DA-1 cells were infected by spinfection 39 with recombinant retrovirus containing a puromycin resistance marker and either short hairpin RNAs specific for Sox4 (sh31 or sh51) or control shRNA against luciferase. The construction of the luciferase virus is described elsewhere (Y.-Y.X., D. Tuck, P. Clark, D. Yue, M. Lopingco, A. Khanna-Gupta, H. Sun, N. Berliner, and A.S.P., manuscript in preparation); construction of sh31 and sh51 involved annealing complementary oligonucleotides and ligating the resultant duplexes into EcoR1-BamHI-cut plasmid pSIREN-RetroQ (BD Biosciences, San Jose, CA). For sh31, the oligonucleotides used were 5Ј-GATCCGGGCGGCTGCATCGGTCTCTAT-CAAGAGAAGAGAACGATGCAGCCGCCTTTTTTACGCGTG-3Ј and 5Ј-AATTCACGCGTAAAAAAGGCGGCTGCATCGTTCTCTTCTCTT-GATAGAGAACGATGCAGCCGCCCG-3Ј. For sh51, the oligonucleotides were 5Ј-GATCCGCCCGGCTCAGGCTCCCACTATCAAGAGAAGTGG-GAGCCTGAGCCGGGTTTTTTACGCGTG-3Ј and 5Ј-AATTCACGCGTA-AAAAACCCGGCTCAGGCTCCCACTTCTCTTGATAGTGGGAGCCTGA-GCCGGGCG-3Ј. Recombinant retrovirus was produced by cotransfecting the pSIREN-RetroQ vector together with pNCA 40 (added to boost viral titers) into Phoenix cells 41 using calcium phosphate precipitation. 36 Virus supernatants were harvested at 48 hours after transfection and frozen. Cells (1 ϫ 10 6 in 5 mL) were spinfected as described. 39 Forty-eight hours after spinfection cells were culture in puromycin (2 g/mL) selection media. After 2 weeks in puromycin media the cells were harvested for RNA and real-time PCR was performed for Sox4, Evi1, and ␤-actin genes.
Results
Inverse PCR cloning of proviral insertion sites in AKXD-23 myeloid leukemias
With the goal of identifying events that cooperate with Evi1 activation in myeloid leukemogenesis, we analyzed a set of myeloid leukemia DNAs from AKXD-23 mice, all of which were known to have proviral insertions at Evi1. 2 We performed inverse PCR using primers specific for ecotropic retroviruses. From 8 tumors, we isolated 28 inverse PCR products for which we determined the DNA sequence. Sequences were analyzed against the mouse genome, using the Ensembl database. 25 The results of this analysis are shown in Table 1 . Clearly evident in this analysis was that Sox4 was a common site of proviral insertion, occurring in 8 of 8 tumors analyzed. All of the insertions were located in the 3Ј UTR, leaving the coding potential of the gene intact ( Figure 1 ). The orientation of the proviral insertions in Sox4 was the same for all insertions, being in the same transcriptional orientation as the gene. For 3 tumors, no. 91, no. 144, and no. 163, we identified 2 different Sox4 insertions ( Figure 1 ). Whether these are at both alleles of Sox4 within all tumor cells or are due to oligoclonality of the tumor mass is not known.
Sox4 is a single exon gene for which the initiation of transcription and polyadenylation sites are not precisely defined. However, the sequence for numerous Sox4 cDNAs have been deposited in the NCBI sequence database, and, on the basis of the comparison of these sequences to the genomic sequence, it is evident that polyadenylation occurs downstream of the most 3Ј insertion that we identified (insertion in tumor no. 144; Figure 1 ).
Analysis of leukemic cell lines reveals Sox4 activation by proviral insertion in NFS-60 cells
We presume that the effect of the proviral insertion is to increase the half-life of the mRNA by causing premature polyadenylation within viral sequences, which likely results in effective removal of an mRNA instability sequence located further 3Ј in the UTR. We wanted to test this by analysis of RNA. However, because RNA Gene has been previously identified as a common site of retroviral insertion. only.
For personal use at PENN STATE UNIVERSITY on February 20, 2013. bloodjournal.hematologylibrary.org From was not available for the myeloid tumors from the AKXD-23 mice, we screened a number of cell lines that had known proviral insertions at Evi1 to see whether we could identify one with a proviral insertion at Sox4. DNAs from 4 such cell lines were analyzed by Southern blot to detect the presence of a provirusinduced restriction fragment length polymorphism, when hybridized with a probe for Sox4 (Figure 2A ). This revealed that the tumor-derived NFS-60 cell line has such a polymorphism, whereas in 2 other tumor cell lines, NFS-58 and DA-1, and in the 32Dcl3 myeloid progenitor cell line, no such polymorphism was detected. It is not possible that the polymorphism seen in NFS-60 is a naturally occurring sequence variation, because all NFS tumors were derived from the same inbred strain (NFS), and this polymorphism is not seen in the other NFS tumors (Figure 2A) . From the size of the polymorphism and the restriction enzyme used, it is clear that the proviral insertion is within the 3Ј UTR, similar to that seen in the AKXD-23 tumors.
Because the NFS-60 cell line harbored a proviral insertion at Sox4, we analyzed its RNA for Sox4 expression by Northern blot analysis. This clearly revealed an up-regulation of the gene because of the proviral insertion ( Figure 2B ). Interestingly, 3 transcripts are observed: 1 at the normal size of 4.4 kb, and 2 additional transcripts of 9.5 kb and 3.0 kb. These likely represent mRNAs from the provirally activated locus, with the smaller transcript being derived from polyadenylation in the 5Ј LTR, and the longer one from polyadenylation in the 3Ј LTR, with removal of the gag and pol region by splicing out of the retroviral intron. Expression of normally sized Sox4 mRNA transcript was present in the DA-1 myeloid leukemia cell line, which has a proviral insertion at Evi1 but no detectable Sox4 insertion within a 20-kb region of the locus (Figure 2A) , and in the EML cell line, a nontumorigenic multipotent progenitor cell line that can differentiate into erythroid, myeloid, and lymphoid cells. 30 EML cells do not express Evi1 (T. Husain, M. Tran, P. Clark, B. Yatsula, V. Tsakraklides, S. Williams, D. Krause, and A.S.P., manuscript submitted) and have no proviral insertion at Evi1 (data not shown).
Sox4 blocks myeloid differentiation of 32Dwt18 cells
We were interested in determining the mechanism by which Sox4 overexpression contributed to leukemia. Two effects were considered: a loss of cell-cycle control and a block to differentiation. To perform these studies, we first developed a retroviral vector with which to transfer Sox4 with facility into cells of interest. We thus inserted a Sox4 cDNA engineered with a V5 epitope tag at the C terminus into the MIGR1 retroviral vector ( Figure 3A ). To test whether this construct expressed functional Sox4 protein, we performed cotransfection studies with a reporter construct that has concatemerized SOX4 binding sites upstream of a minimal promoter and a luciferase reporter. Although empty vector showed no ability to activate the reporter, our MIGR1-Sox4 construct had potent transactivating ability, indicating that biologically active protein was being produced.
We then sought to address what effect Sox4 overexpression has on myeloid cell growth and differentiation. As a test cell line, we used the 32Dwt18 cell line, a derivative of 32Dcl3 29 that expresses 
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the ectodomain of the erythropoietin receptor fused to the cytoplasmic domain of the G-CSF receptor. These cells differentiate to granulocytes on treatment with erythropoietin, while maintaining a high viability (Figure 4) . We transduced the 32Dwt18 cell line with MIGR1-Sox4 and isolated several single-cell-derived clones that expressed the GFP marker and, by Western blot, also expressed high levels of SOX4 protein, as detected by using the V5 epitope tag ( Figure 3C ). As a negative control in this experiment, we also developed clonally derived 32Dwt18 cells transduced with empty MIGR1 vector, and these showed no immunodetectable V5 protein on Western blot ( Figure 3C ). To contrast the effect of Sox4 against an established myeloid oncogene, we included in this experiment a MIGR1-Bcr-Abl construct. Two 32Dwt18-derived cell lines were established that showed p185 expression on Western blot using an anti-Bcr-Abl antibody ( Figure 3C ).
Having developed cell lines expressing SOX4, BCR-ABL with 2 empty vector-transduced lines as controls, we then tested whether Sox4 had any effect on cell proliferation or differentiation. Accordingly, we tested cell proliferation by recording cell number in cultures of exponentially growing cells. Although BCR-ABL had a demonstrable effect in increasing the proliferative potential of the cells, Sox4 expression had no measurable effect, being essentially the same as the vector control cells (data not shown).
We next tested whether Sox4 affected the ability of the 32Dwt18 cells to differentiate into mature granulocytes when exposed to Epo, because this is an effect that is seen with a number of myeloid leukemia genes. 42 To assess this, we first examined morphologic differentiation of the cells. Cultures of Sox4-expressing and Bcr-Abl-expressing clones, as well as vector control cells, were washed in PBS and placed in media containing 6 U/mL Epo. At various days thereafter, Giemsa-stained cytospin smears were examined for morphologic evidence of differentiation. During the 12-day induction, a large proportion of the vector-transduced cells acquired the features of differentiated myeloid cells, including a lobated nucleus and the presence of cytoplasmic granules, which are evident at day 6 in some of the cells as depicted in Figure 4 . However, the Sox4-and Bcr-Abl-expressing clones exhibited a complete absence of morphologic maturation and remained as a uniform population of immature cells with a large nuclear-tocytoplasmic ratio, and no cytoplasmic evidence of differentiation ( Figure 4 ). This phenomenon was seen in all 3 of the Sox4 clones tested, as well as in all of the BcrAbl clones, clearly indicating that Sox4, as with BcrAbl, causes a block to myeloid maturation, as assessed in this cell culture model.
To confirm this impression that Sox4 abrogates Epo-induced myeloid differentiation, we used Northern blot analysis to assess the expression of mlf, which encodes lactoferrin, a component of the secondary granules, and a key marker of myeloid maturation. This study revealed that indeed, with Epo treatment of the Sox4-transduced 32Dwt18 cells, there was little if any induction of mlf expression, confirming at the biochemical level what the morphology had indicated ( Figure 5) . A failure to activate mlf was also seen in Epo-treated cultures of 32Dwt18 cells expressing BcrAbl, whereas in vector control cells, there was clearly evident Figure 5 . Northern blot analysis of MIGR1-Sox4 clones during myeloid differentiation. Single-cell-derived 32Dwt18 clones (Sox4 A-C, MIGR1 A-C, and Bcr-abl A-B) and wild-type 32Dwt18 cells were treated to differentiate in the presence of Epo (6 U/mL). Cultures were harvested from prior to differentiation treatment (day 0) or at days 3 and 6 following placement in media containing Epo and lacking IL-3. RNA was extracted from cells using RNAeasy (Qiagen). Total RNA (10 g) was separated on a formaldehyde agarose gel, transferred to nylon membrane, and sequentially probed with murine lactoferrin (mlf) and ␤-actin. Single-cell-derived 32Dwt18 clones (MIGR1-Bcr-abl, MIGR1, MIGR1-Sox4 Clone A, MIGR1-Sox4 Clone C) were treated to differentiate in the presence of Epo (6 U/mL). Prior to treatment with Epo, a fraction of the culture was harvested and washed with PBS, and cytospin preparations were made. The rest of the culture was washed with PBS and replaced in media containing Epo and lacking IL-3. Each culture was refed every 48 hours. At day 6, samples of the cells were washed with PBS, and cytospin preparations were made. Slides were stained with Wright-Giemsa stain and analyzed by light microscopy to visualize morphologic changes. Images were acquired digitally on an Olympus Vanox microscopes (Olympus, Tokyo, Japan) equipped with a SPIano 100ϫ oil immersion lens (NA ϭ 1.40) and a ProgRes camera (Kontron America, Poway, CA) using AutoCyte image-capture software (AutoCyte, Burlington, NC). Images were cropped and assembled using Adobe Photoshop (Adobe, San Jose, CA). only.
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Microarray analysis of Sox4 clones reveals significant differences in transcriptional response of 32Dwt18 cells to Epo
We were interested in obtaining a broader view of the effect of Sox4 expression on Epo-induced myeloid differentiation, and so we performed analysis of the spectrum of genes expressed in these cells at 4 days following Epo treatment, comparing these to vector-transduced cells. Two hybridizations were performed, with RNA from 2 different clones, and the data were remarkably consistent. Figure 6 shows an x-y scatter plot comparing the log 2 ratio (Sox4 versus vector control) of expression level for each gene obtained in experiment 1 (slide 74; y-axis) versus experiment 2 (slide 198; x-axis). This revealed that for the majority of genes, there was excellent correlation between the 2 experiments. We focused our attention on genes that had a log 2 ratio of at least 1 or Ϫ1 and less in both experiments; Table 2 lists these genes.
In vector control cells, there was higher expression of a number of genes that are known to be up-regulated in granulocytic differentiation. These include Prg2 which encodes the major basic protein of eosinophils; Ltf, encoding lactoferrin; Ngp, encoding neutrophil granule protein; Lrg, encoding leucine-rich ␣2 glycoprotein 43 ; and Lzp-s, encoding P lysozyme. Interestingly, 7 members of the Pira family of genes are higher in the vector-transduced cells after Epo treatment relative to the Sox4-expressing cells. These genes encode activating receptor partners for a variety of cellsurface receptors, including the Fc receptor. Thus, one would expect these genes to be activated in granulopoiesis. These data are completely consistent with those presented in Figure 5 , and reflect the block to differentiation imposed by Sox4.
In contrast to the genes expressed at higher levels in vector control cells, the genes expressed 2-fold or more in Sox4-expressing 32Dwt18 cells at 4 days after Epo administration are much more varied in function and in typical tissue expression. This group includes 2 cytokine genes (Il4 and Il6), a receptor (F2r, encoding the thrombin receptor), several signaling molecules (Lat, involved in T-cell receptor signaling; and Mapk12, encoding a MAP kinase family member), a gene encoding an actin sequestering protein (Tmsb10, encoding thymosin beta 10), a serine protease inhibitor (serpin) family member (Spi2-1), and 3 transcription factors: Zfpm1, encoding the GATA1-interacting protein FOG-1; Tcfec, encoding the helix-loop-helix protein TCF-C; and, interestingly, Evi1.
Sox4 causes up-regulation of Evi1 mRNA levels in 32Dwt18 cells
We were interested in pursuing the possibility that the increase in Evi1 expression in Sox4-transduced cells provided the mechanism by which Sox4 may cooperate with Evi1 in leukemogenesis. It is known that 32Dwt18 cells have a proviral insertion at Evi1 and overexpress it at the mRNA and protein level, 44 and considered it possible that Sox4 may cause up-regulation of Evi1 expression. In 32Dwt18 cells, Evi1 is activated via proviral insertion but that this level of Evi1 is not enough to block cytokine-induced maturation. 45 Figure 6 . XY scatter plot of cDNA microarrays. MIGR1 and Sox4 cell lines were compared on a 13.4K mouse oligonucleotide cDNA microarray. Genes of interest indicating upregulation or down-regulation because of induction were calculated statistically using log base 2. Those with a ratio greater than 1 were considered of interest. An XY scatter plot of 2 independent microarrays (slide 74 and slide 198) showed a linear trend. Those data points at either end indicate those genes of greatest interest in 2 independent experiments. The values on the x-and y-axes indicate the ratio calculated.
Table 2. Differentially expressed genes identified by microarray
Ratio (log2) Sox4/vector
Genes higher in vector control
Granulocyte differentiation markers
Pira1
Ϫ3.1
Pira3
Ϫ3.1
Prg2 (eosinophil major basic protein) Ϫ2.0
Lzp-s (P lysozyme structural) Ϫ3.0
Other genes
Nif311 (Ngg1 interacting factor 3-like 1) Ϫ3.1
Genes higher in Sox4
Cytokines
Il6 (Interleukin-6) 1.4
Transcription factors
Tcfec (Transcription factor TFE-C) 1.5
Zfpm1 (FOG-1) 1.8
Evi1
Signaling molecules
Lat (Linker for activation of T cells) 
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Further overexpression of Evi1 in 32Dcl3 cells is able to block differentiation. 16, 44 Thus, the capacity of the cells to differentiate on cytokine induction appears to depend on the amount of EVI1 present in the cell; in normal 32Dcl3 or 32Dwt18 cells, the level of EVI1 is below the threshold needed to block differentiation, but further overexpression causes that block.
To confirm our microarray results that Sox4 overexpression causes up-regulation of Evi1, we performed quantitative PCR analysis of Evi1 mRNA levels in Sox4-transduced and control cells. This revealed that in 2 different Sox4-transduced clones, Evi1 is up-regulated: in clone 1, it is 4.1-fold higher than vector-transduced cells, whereas in clone 2 it is 2.6-fold higher ( Figure 7A) .
Next, we assessed this in DA-1, a myeloid leukemia cell line that is known to express both Evi1 and Sox4. In this cell line, Evi1 is activated via proviral insertion 2 and expresses high levels of mRNA. 15, 45 Our studies here showed that DA-1 cells express high levels of Sox4 (Figure 2 ), but do not show a polymorphism within the 20-kb XbaI fragment. However, our analysis of proviral insertions in primary tumors showed that insertions can occur at least up to 50 kb away from Sox4 (Table 1) , and so our Southern blot analysis may have failed to reveal a proviral insertion at the locus. We postulated that the high expression of Sox4 resulted in up-regulation of Evi1 in DA-1 cells. If this were the case, then suppression of Sox4 expression by short hairpin RNAs (shRNAs) would cause down-regulation of Evi1 mRNA levels. We developed 2 different shRNAs against Sox4 (sequences 31 and 51) and inserted them into retroviral vectors downstream of a polIII promoter; retroviral supernatants containing sh31 or sh51 were used to infect DA-1 cells. These shRNAs caused significant suppression of Sox4 expression, to 42% and 43% of normal levels, in sh31-and sh51-transduced cells, respectively ( Figure 7B ). We then examined Evi1 levels by quantitative real-time PCR and found them to be suppressed to roughly half the values in cells transduced with a luciferase-specific control shRNA (Figure 7 ). These data support the idea that Sox4 overexpression results in up-regulation of Evi1.
We considered 2 possible mechanisms by which SOX4 could cause increased expression of Evi1: either SOX4 is activating the endogenous Evi1 promoter, or it is acting on the proviral insertion to cause up-regulation of Evi1. To evaluate the former possibility, we analyzed Evi1 expression levels in EML cells that express high levels of Sox4 (Figure 2 ). By both Northern blot ( Figure 2 ) and Western blot (Dong xian Yue and A.S.P., December 4, 1997, unpublished observation), we find no evidence of Evi1 expression in these cells, indicating that SOX4 does not activate Evi1 expression via its native promoter, making it likely that it activates the proviral LTR.
To assess whether SOX4 could transactivate the retroviral LTR, we performed cotransfection studies in NIH 3T3 cells with a SOX4 expression plasmid and a AKV-CAT reporter construct that contains the LTR from the AKV virus (the endogenous virus present in the AKXD-23 mouse line) linked to a chloramphenicol acetyl transferase gene ( Figure 7C ). Cells were transfected with 1 g AKV-CAT reporter and increasing amounts of pSG5-SOX4-V5 expression plasmid, and assays for CAT performed at 48 hours after transfection revealed a greater than 3-fold increase in CAT activity ( Figure 7C ), which is comparable to the increase in Evi1 expression seen in 32Dwt18 cells on transfection of SOX4 ( Figure 7A ). These data provide a mechanistic link between overexpression of Sox4 and cooperativity with proviral activation of Evi1: SOX4-mediated transactivation of the proviral LTR inserted at Evi1, leading to increased expression of Evi1, leading to a greater leukemic effect of EVI1.
Discussion
In this article we document the coexistence of proviral insertions at Evi1 and Sox4 in 8 of 8 myeloid leukemias derived from the AKXD-23 recombinant inbred strain of mouse. In addition, we identified a proviral insertion at Sox4 and Sox4 overexpression in the myeloid leukemia cell line, NFS-60, which is known to have a proviral insertion at Evi1. 45 These findings strongly suggest cooperativity between Evi1 and Sox4 in myeloid leukemogenesis and may help to explain why assays testing the leukemogenic potential of Evi1 have thus far been negative. 17, 21 From our analysis of the NFS-60 cell line it is clear the effect of proviral insertion at Sox4 is to increase Sox4 transcription, most likely through altering mRNA structure leading to increased mRNA half-life and thereby increased protein level. Because of the lack of reliable anti-SOX4 antisera, we were not able to assess whether there is in fact increased SOX4 protein in NFS-60 cells.
SOX4 protein is in Group C within the family of HMG-box proteins that have been shown to bind in a sequence-specific manner in the minor groove of the DNA. Within the HMG-box family are important factors involved in sex determination (Sry) and in ␤-catenin signaling (Tcf/Lef), whereas Group C consists of SOX4, SOX11, SOX22, and SOX24 (reviewed in Wegner 46 ). Although the exact regulatory role of SOX4 has not been defined, it has been shown that IL-5 signaling may involve the activation of SOX4, through the intermediary signaling protein syntenin. 47 Sox4 homozygous null animals show no detectable abnormalities in myelomonocytic cells, but they do display markedly defective B-cell development, having decreased numbers of mature cells, decreased IL-7-responsive colony-forming units in the fetal liver, and diminished responsiveness to lipopolysaccharide. 48 On the basis of these findings, it is thought that Sox4 plays a critical role in pro-B-cell expansion. 48 Sox4 has been implicated in the genesis of carcinoma of the breast, 49 colon, 50 and liver, 51 as well as medulloblastoma. 52 It has also been found as a site of proviral insertion in B-cell tumors. 24, 53 The mechanism by which it contributes to malignant transformation in these settings is unknown.
The main motivation for embarking on these studies was to identify genetic events that cooperate with Evi1 activation in myeloid leukemogenesis. Although we have obtained genetic evidence for cooperativity between Sox4 and Evi1, what is lacking is a reconstruction experiment to demonstrate that this is indeed the case. We have attempted to show that the 2 genes cooperate in the formation of anchorage-independent colonies of Rat1 cells in soft agar, but we saw no increased number in Sox4 ϩ Evi1-transduced cells over what was obtained with Evi1 alone. However, a negative result here may be meaningless, given that this may be an inappropriate cell-culture model for the study of myeloid leukemia. We have also attempted cooperativity studies in retrovirally transduced murine primary bone marrow cells that were transplanted into irradiated recipients. These experiments revealed that, although transplantation of Sox4-transduced cells resulted in leukemia in the recipient mice, Evi1-transduced cells remained healthy. Furthermore, Evi1 failed to accelerate Sox4-induced leukemia in this model system (S. Spence, A.S.P., N.A.J., and N.G.C., unpublished results, June 2003). When Sox4-induced leukemias were examined for where the Sox4-containing provirus had integrated, it was found that, although 2 of 13 had insertions at Mef2c and 3 of 13 had insertions at Sfpi1, Evi1 was not identified as a site of insertion. 54 This is consistent with our proposed mechanism, in that only certain LTRs are transcriptionally activated by SOX4 and that, in tumors with insertions at both genes, insertions at Evi1 occur first, and Sox4 insertions happen subsequently, selected for by their ability to up-regulate provirally-activated Evi1 expression.
In this study, we provide evidence that SOX4 can transactivate the AKV LTR and thereby increase the expression of provirally activated Evi1. This conclusion is based on 3 findings: (1) When Sox4 is overexpressed in 32Dwt18 cells (which have a provirally activated Evi1), there is an accompanying increase in Evi1 expression; (2) when Sox4 expression is knocked down with shRNA in DA-1 cells (which harbor a proviral insertion at Evi1 and express high levels of Sox4), there is a concomitant decrease in Evi1 expression; and (3) Sox4 can transactivate the AKV LTR in cotransfection studies. This, together with the observation that EML cells express abundant Sox4 but no Evi1 lead us to conclude that Sox4 increases Evi1 expression via transactivation of the proviral LTR rather than the endogenous Evi1 promoter. Indeed, it has been shown that several Sry-like proteins are able to activate expression of the human retrovirus-like element LINE. 55 In cotransfection studies, Sry-box family members were able to activate a LINE-luciferase construct greater than 10-fold, and binding sites for SOX proteins are present within the LINE promoter region. Sequence analysis of the LTR regions of murine ecotropic retroviruses reveals 1 to 4 putative Sry binding sites, revealed by TransFac analysis. The most impressive of these is the AKV LTR, which has 4 sites, having scores between 90 and 95 (data not shown). Interestingly, the AKV virus is the endogenous retrovirus in the AKXD strain, in which most of the leukemias analyzed in this study arose. The cell lines analyzed were derived from mice infected with either Cas-Br-E (NFS-60) or Moloney (DA-1) retroviruses. However, the exact nature of the proviral insertions has not been determined; the virus inserted into Evi1 in 32Dwt18 cells has not been characterized. It could be that the failure of Evi1 and Sox4 to cooperate in murine bone marrow transplantation studies was due to the inability of SOX4 to transactivate the LTR of MSCV, the retroviral vector used in those studies.
Evi1 proviral activation has been associated with both malignant and premalignant or nonmalignant expansion of the myeloid compartment in retrovirally infected mice 56 and monkeys. 57 In tissue culture, retroviral infection of primary bone marrow cells can result in immortalization, and characterization of proviral insertion sites reveals that 25% of immortalized lines have proviral insertions at Evi1. 58 Interestingly, these lines are not tumorigenic. These findings strongly suggest that activation of Evi1 has a potent effect on cell growth and senescence but is not by itself sufficient for leukemogenesis. In the setting of Evi1-driven nonmalignant myeloid expansion, it is likely that the chance of transforming proviral insertion (such as at Sox4) is increased. Thus, the expectation that a reconstruction experiment such as cotransduction of Evi1 and Sox4 retroviruses may be unrealistic, because there is no cooperativity in terms of oncogenic pathways, but only in that Evi1 activation provides the requisite expansion of the target cell population.
